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SUMMARY

1. Title

Development of Economical Net-Shaped Technology of Ceramic

Component with Complex Shapes

IO. Object and Initiatives

Objective
The purpose of the present investigation is to develop a near-net-
shape fabrication technology for the ceramic components with large
sizes and complex shapes. The key process concept is based on
thermoset molding and reaction sintering process in combination,
eventually leading to cost-effective production of large ceramic
components by near-net-dimension fabrication. An attempt should be
made to fabricate a wafer carrier prototype for IC industry to prove
the near-net-dimension manufacturing concept with the aforementioned
key process technologies. The entire process including near-net shaping,
reaction joining, and reaction sintering will be developed and integrated
to achieve the near-net-dimension manufacturing level which requires a

complete understanding of the individual process.
Initiatives

Despite higher price per component silicon carbide process furniture is
rapidly replacing those tranditional quartz ware due to ever-growing
industry demand for performance enhancement. The market is mostly
dominated by the global major suppliers. Considering the extensive
capital investment, exclusiveness of the related fabrication technology
and expensive maintenance cost, it is very difficult for a domestic

industry to jump into the present process furniture market.



The only feasible route to overshadow the aforementioned market
conditions is to develop a revolutionary fabrication process which
significantly reduce not only initial investment but also production cost
itself. This can be achieved only by literally manufacturing in

near-net-dimension.

II. Research Strategy and Scope

The present investigation focuses on the development of the key
individual process and optimization of entire process for producing
silicon carbide wafer carrier. In addition, the near-net-dimension
fabrication capability should be demonstrated as a prototype of wafer
carrier, which is a strong indication of economical fabrication of large

ceramic components.
Near-Net shaping

Thermoset molding technique was adapted for obtaining the sufficient
handling strength of green compacts (preform). Ceramic powder
preform joined with cured polymer resin was even machinable. The
preform composed of multi-modal silicon carbide powders and a wide
range of resin composition could provide an opportunity to produce
the components with minimum residual silicon and with minimum
shrinkage during forming. Compression molding, transfer molding,
centrifugal  casting, and special granulation technique (liquid
condensation process) were attempted to produce the near-net shaped
reaction-bonded silicon carbide preform.
Reaction Joining

Reaction joining process was employed for fabricating complex shaped
reaction bonded silicon carbide ceramics. Joined interface should have
enough strength by controlling critical flaws. And the process defects
and mechanical properties of the reaction sintered joints, obtained by
joining in green state, carbonized preform, and sintered body, were

measured and analyzed in pursuit of optimizing the joining process.

_10_



Reaction sintering

High packing density obtained by multimodal packing in a variety of
assorted compositions is likely to produce incomplete infiltration
and/or reaction. Fine tuning of the packing structure and post
treatment of the preform were tried to enhance the reaction sintering
uniformity. Especially, the Si uniform feeding technique should be
developed to fabricate a large and complex shaped reaction sintered

silicon carbide ceramic component, such as wafer carrier.

IV. Results
Near-Net Shaping: Thermoset molding process

o Powder transfer molding: an optimum slurry composition identified in

terms of sufficient fluidity and minimum component segregation.

- Powder compression molding: uniform preform with high green

density and without component segregation.

> Granulation (Liquid Condensation Process): homogeneous structure of

multi-modal powders and multi-component binder system.

o« Granular compression molding: homogeneous green microstructure of

multi-component system.

o Granular transfer molding: newly developed wet consolidation process
to prevent component segregation induced by particle size difference

and binder migration.

o Zero shrinkage forming: forming shrinakge was eliminated by

constant drying process and rigid particle network formation.
Reaction Joining
o Excellent handling strength by thermoset resin: higher than 40 MPa.
o Excellent joining strength: higher than 350 MPa.
» Develop a joining process between sintered bodies.

o« Develop a joining process between carbonized preforms.

_11_



> Develope a joining process between green bodies.
Reaction Sintering

o Reduced residual silicon and homogeneous reaction infiltration: less

than 1% of porosity.

° Property enhancement: 0% of sintering shrinkage, maximum 500 MPa

of flexural strength.
Fabrication of Wafer Carrier Prototype

o Controlled infiltration technique using Preform Contact Feeding
method

> Fabrication of a wafer carrier by near-net shaping, reaction sintering

and reaction joining in combination.

V. Application of Research Results

The key process technologies developed in the present study, e.g.,
thermoset molding, granulation process, segregation-free centrifugal
casting, and net-shaped reaction sintering, could be applied to a variety
of ceramic components, either in individual process or in combination.
Immediate market entry can be expected in the field of process
furnitures replacing quartz, large-area unit cell for solid oxide fuel cell,
advanced ceramic membranes, ceramic armors, furnace furnitures, etc.
Regarding nano-ceramic materials processing, the green density will be
enormously enhanced by using our developed technique at
substantially reduced compaction pressure.

Most of all, the research results developed at the period of phase 1
will be a sound basis for the emergence of another creative and key
technology in phase II for the development of large ceramic oxide

components for IC industries.

_12_
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Buthanol (Junsei, GR), @743}4<53 2% 2-Furylmethanol (Junsei, EP), Furfuryl
alcohol resin(KF-975, 980, Kolon Chemical Co. Ltd)& 33t AMgstgon 74
9l 22 HI}she A$o)+ Phenol (KNG-100, Kolon Chemicals Co Ltd)& A}%
stach A=l BEAbA 24 Union CarbieAl?] Triton X-1008 AM§-3t@ow =

u} 2 xylene sulfonic acid (KH-10, Kolon Chemical Co. Ltd)& A3

Table 2. Specific surface area of used SiC powders.

SiC particle size (ym) Specific surface area (m'/g)
150 0.01
35 0.05
5 0.38

OEA fEA gao Aste AMgstE FAC ge Zole AT BEF 40 °C
ool A HMHHMW, 70 °C AxolM e vl wE F}EE BT £ As &
3 SA M= glycold} furfuryl alcoholo] FU3MA E3d A= EAsAAT
Zgh9k3-(polymerization)o] Zlajge] uwg} glycol-rich phasei‘r furfuryl alcohol
resin-rich phase2 A¥27} dojuyn 2 39ttt 2371 &89 AHE dx7] ¥
o] ZA3(50 °C, 3AIZH A7 HPAZ] F EEoA HIAE BYsto], AlE& 70
Coll A 15417+ A8t ¢hd A3t 2 Zeest A7 F oA Mystdoh o] 4
HAZ oAl 180~190 °CE 12417 #A3ted AR 2AH (ol 2AA)



Eal

te 400C, B&471

3

2 e

9. 2244 Az
salslo} Balash BAD ol Fol

27 1500 °Coll A ¥b-3-4

H
g

Ho

o
oy

F3ha

sef

&

N
L
BK
7
T

(il
T

T

0

N

W

i

T}

Fol2

FAT. Hl

]

A Z

=
=

&kl AR A

HA e

3]

%

= weFas o

o},

o

o Wk o3

Fhshed

=
o

go) w37 grpH o

ol

B

Ho

Fig. 8¢] el

(infiltration) &

2] ©
2 &

H olel] me} AZA

.
R

s}

o

|

ot webA dRZ7PF o

jaail

&



0
<

(%10A) Alisolod

i -1
]
o b
M
/ _A__ 7
\ S
7] b3 .
=1 B
,,m C .W /V ,\
i 5 n d -
TEs
EE | S
sR8888ree°
(%I0A) 1UBU0D
4
1. L L 1
g 8 8 8 R

70 75

65

60
Solid Loading (vol%)

50 55

45

50 55 60 65 70

45

Solid Loading (vol%)

Fig. 8. Calculated results of effect of solid loading on (a) the porosity of

pyrolized samples and (b) the phase analogy of reaction bonded samples.

il

&4

X

Ko

ﬂh

—_
o

0
.Z_ﬁl
i

—

<
ojn

BN

14
Gl

Ko

N

Fedl,

Pfi + (1 - PA)PL + (1 - PA)(T - PAPA + (1 - PA)(L - PA)(L - PHPA + -

meax

o}l
T
-
o

e
;Ot

fi7 = Wi+ Wi

A

To

Z I

F &2 Table 39 Ve AT



Table 3. Packing density of used SiC raw materials
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Table 4. Residual silicon and bending strength variation

of the samples with different solid loadings.

Bending strength

Residual Silicon

Solid loading

(MPa)

(vol%)

(vol%)

148
140
139
145

234

52
55
60
62

15.9

13.0

11.3

Fig. 9. Microstructure of sintered sample with (a) 52 vol% and (b) 62vol% solid

loading.



Table 5. Batch composition of various forming liquids.

Content (wt%)

Sample

EG X100 BuOH FA FR
51 33.4 8.3 8.3 25 25
S2 33.4 8.3 8.3 12.5 375
S3 41.7 83 0 25 25
S4 41.7 8.3 0 125 375
S5 41.7 0 8.3 25 25
S6 41.7 0 8.3 125 375

Shear stress (Pa)

. 100 1000
Shear rate (S7') Shear rate {S7")

(@) (b)
Fig. 10. Variation in (a) viscosities and (b) shear stresses of various testing

solutions.
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(MPa)
154.3+15.03
139.0+5.55
174.5+5.95
140.0+14.44
122.8+17.11
154.2+12.55

Bending strength

12
13
1.8
22
1.8
1.6

After?

1

Porosity(%)

Before
19.0
21.3
213
20.7
23.8
21.3

After”
2.98
2.99
2,97
2,94
2.94
2.96

73+ Z

Density(g/ cr)

A9l
Before™
2.29
231
227
231
217
2.28

Table 6. Physical properties of samples used various forming liquids.
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(S5) (S6)
Fig. 11. Microstructures of samples pyrolized at 400°C for 1 h in N, with

different forming liquids.



Table 7 Physical Properties of graphite added samples.

Graphite content Solid loading Density(g/ cm) Porosity (%)
(vol%) (vol%) Before After”  Before'  After”
0 62 2.29 2.98 19.0 1.2
10 52 1.96 2.77 231 7.5
20 50 1.91 3.01 229 1.5
30 45 1.78 2.67 20.8 10.0
40 42 1.68 2.55 21.7 9.3

—
(@)
(@]

—h
(@)
o

(@)
()

Bending strength (MPa)

O 1 L 1

0 10 20 30 40
Graphite content (vol%)

Fig. 10. Variation in bending strengths of graphite added samples.
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Fig. 16. Microstructures of (a) the SiC/resin double-walled perform interface, (b)

inner, and (c) outer layers.



Fig. 17. Microstructures of (a) the pyrolized SiC/Si double-walled perform
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interface, (b) inner, and (c) outer layers.
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Fig. 19. Microstructures of (a) the reaction infiltrated SiC/C double-walled
perform and (b) the outer region at 1500°C for 18h.
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Schematic Diagram of Near-Net-Shape Fabrication Process

Fig. 20. Schematic diagrams of near-net-shaped fabrication process based on

powder compression molding technique.
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Fig. 21. A sketch of and idealized trimodal powder mixing, where the height
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Fig. 47. Variation in relative densities as a function of carbon black contents.

Variation in properties of the carbonized sample as a function of carbon biack

contents.
CB (Wt%)'  Pur (%)° Pwi (%)’ dme (pm)' dimi (um)’  eae(%)°  esn(%)’
0 35.3 6.2 0.731 16.7 0.62 0.30
10 33.1 6.9 0.519 181 0.66 0.30
20 31.0 8.7 0.346 18.1 0.78 0.28
30 30.4 10.3 0.242 185 0.86 0.32
40 27.5 8.2 0.164 15.3 0.92 0.40

-

1: content of carbon black, 2: total porosity, 3: microporosity, 4: median diameter of macropore, 5: median
diameter of micropore, 6: linear shrinkage of debinded sample, 7: elastic springback during ejection.
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Fig. 49. Microstructures of (a) Ovol%-, (b) 10vol%-, (c) 20vol%-, (d) 30vol%-, and

(e) 40vol%-carbon black added reaction-sintered SiC samples.
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Fig. 52. Microstructure of the sample formed by granule transfer molding. Liquid

condensation process was used for granule fabrication.

Fig. 53. Microstructure of the sample formed by powder centrifugal casting using

simple powder mixture.
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of &gt AL & F Yv v By Eday BEGS AN dA4EAE
Al AAe] AA At ddd mAzRAS Yehe AL 4 F A F &
AEAA e} 22 A= AME g8 GAEA £2S AMSS SXY2E 74
sty A TATFEY TS FAGE Ao] wheAaZoN W Fad AdxYS
HAANA F= HEAA A8 & 5 9

Solubility Parameters of various solvent system.

Component 8a' 8y Sn &
phenol 18 5.9 14.9 241
1-butanol 16 57 15.8 231
ethanol 15.8 8.8 19.4 26.6
water 155 16.0 424 47.9

1: dispersive term, 2: polar term, 3: hydrogen bond term, 4: total solubility term

(2) (b)

Fig. 56. Microstructures of the samples reaction sintered at 1500 °C for 1h.

Preforms were fabricated by (a) granule transfer molding and (b) pariticle

transfer molding, respectively.
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Agdge At8d 9342 w374 (Reaction Bonded Silicon Carbide: @&

2.88 g/cm’, free Si 165 wt% FH)E 8% 1 pm SiCe} FlEE o] Hrid ZaE
oA 54 delEe Yae Fa Bl Jete AzIAch Aol AHEE)
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SiC paperEs AFE-3to] 12 Hup &, 30, 6 ume] ‘QE%— Zt= diamond suspension
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=& 2 F, 25HAFE o] &5t 108 S A F Axsdch ¥
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25X18X4.2 mm bars

Cleaning

in Acetone
Joint Preparation Carboneous paste
o E i 3 Pt
Joining & Curing 1107 6h

1430°C 30min

_ | Pyrolysis & Sinterin

M

M

Fig. 57. Schematic diagram of the reaction-forming method for the joining of

RBSC ceramics.

Table 9. Raw Materials used for joining paste fabrication in this study.

Particle size

Material Description (um) Supplier Content(wt%)
(m
Silicon Silgrainﬂ ~3 Elkem, Germany 37.6
Carbon Black N762 ~0.12 Lucarb, Korea 58
. H. C. Starck,
SiC UF-05 ~1 0
Germany

Kolon chemical

Phenolic resin KNG 100 15.8°
Co. Ltd, Korea

1-Butanol GR(99%) Junsei, Japan 34
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Fig. 58. Microstructure of Reation Bonded Silicon Carbide ceramics showing the

mixture of 8 and 1 um SiC (white grey) and residual Si phase (dark

grey).
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Fig. 59. Microstructures of the samples joined with (a) 15.8 wt%-, (b) 21.3 wt%

-phenolic resin added phaste.
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Fig. 60. Microstructure of the sampled joined (a) with 1 gm SiC, and (b)

without 1 ym SiC in the paste composition.
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-

Fig. 61. Microstructure of the sampled joints formed by (a) internal silicon

supply in the paste composition, and by (b) external silicon supply

during reaction infiltration.
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Fig. 62. Microstructures of the samples joined with reaction sintering. Joining
thickness was controlled as (a) 6 um, (b) 10 gm, (c) 18 um, (d) 34 1m, (e)
40 pm, and (f) 60 um by changing the applied curing pressure.
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Fig. 63. Variation in flexural strengths of joined RBSC specimens as a function

of joint thickness.
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Aol AA W FRAE A 7es Fude 7)o

AMe A 715& 718 9HYZ st S9HA FeHo VES FAstd 4%, 7,
A, AY T 4Y¥Y FADHE sl HEFFHo 2 doly sl FAAY V)
EA Zto] 7R FRISIEE stA)

g eE B 4d&A=717F 8 umel a-SiC # 2 (Showa Denko, Japan)¥ 1 um
a-SiC #Z(H. C. Starck, Germany), 7}%#E @ (Lucarb, Korea)& A}&3tHoH,

HAFAZ ZEgo] 2 ¥= 4% (Kolon chemical Co. Ltd., Korea)E AH&-3}
A

X
Atk 1 um SiIC BE¥eol wEAAFL 645 m’/go|i FtEEA;] w|EHZHL 29.76
[e]

—

KD-1(Unigema, Belgium) 44| & Al8-3lth. &ue oM E/JQESE S8

& AREskt & Aol AR 98 F Table 100 f.oFste] Uehl A

EEY EFEHLE AL AH(LCP; Liquid Condensation Process)o.2
Hgtgon, d4348 el oMHED de2S 829 FouzE g3 &
BAA KD-18 SiC B23bako tiste] 1.5 wt% H71ste] 32 &, 8, 1 um SiC
4-S 75 1 25 vol%e] EHZ solid loading®] 20 vol%o] HEE H7lsle SiC &

2

A
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HE Azt &, oFHET B S 828 EFI Sujo] £AHA KD-1& 7}
2 kel distd 8 wtbe H74ste] =2l F, SIC E&el thsted 10 vol% 9 7}
22AS A7 3 RAAA SRR seuE evaAn. F seldE BY §

wthsl A E Aohsted gelALom, SIC ArBaTe S0t WF Al
o3t E8E 9ri9isl muwty} ultrasonificationS 308 H<t st SiC/7t2E A
EHRY 2o 29 07l P 50 °Co FRE) ASAL Aol =9l F,

2
SIC/7HE & ERRT €28 TH5 Faste 242 T 9=

HH2 AzstHY £2HYE de7A 974 F, AxE AHE FHFFE 01%-6'}04
33 AH F AedA Azxsdch dxd B2 45~250 pm A27]9 BYPL A9
sted AHE-3HSA T

Table 10. Raw materials used for the complex shaped RBSC fabrication.

Particle size

Material Description (em) Supplier
SiC GC#1500 ~8 Showa Denko, Japan
v UF-05 ~1 H. C. Starck, Germany
Carbon Black N762 ~0.12 Lucarb, Korea
Phenolic resin KNG 100 Kolon chemical Co. Ltd, Korea
KD-1 Hypermer Unigema, Belgium
Hexamin >99% Kanto chemical Co. Ltd, Japan
Acetone =99% Daejung, Korea
Ethanol >99.9% Carlo erba, USA

o ZaE Ax 2 A
SiIC/7HEE e E32 S 50x50 mm moldE o] 8-3le] 70 °Col| 4] 31.4 MPao] ¢+
= S A7 T A AT AlzE JFA T 250 CoAA 4AzE B
F A8t debinding & ¥, 1200 °C, A& EHY7|A 308 F<t esrjzAch v-g
£Z4Le w3td Yol de& (Tokuyama Corp., Japan) ZElEZS 2#%¥ 3 10" torr
o] AFqA 1550 °CE 308 ot $A3te] ATk ojm 1200 °C 7AAE 5
°C/min®] £=2 F2aPoH, ofF 15 °C/min2 £33 ATk AMEF HE 9

>
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Fe WMeoel LRF P WA F 2ASE AR AFL AvEd Yo
Fg wejsted AT, 2mm 2719 HEe] A 15 volhe] sEFAE
H7hsted £F F 50x50 mm moldE o]-&8te] 120 °Coll A 3.9 MPao] g8 o= 30
¥ Eer g AolAe Azstdch AT Aol

ot @743t A

Az J¥AE debinding
FA/AAREA AT ©@shA/ 23
27 3o, A7 DA A 9
AEEE F4MNZ2 £ e TUEE pasted] He2 A =3k RBSC AWe| 3H
ated HE ¥, 90~110 °Col A 6417k E<F curingdte] AsAZATh wre4d e 107
torre} ZFofAl 1550 °CE2 30% F<F fxsted etk ol d&s] 33 F A
e WHe FEEAL gAY A5t 600 °C ZARE 5 °C/ming] £52 5

o]

SRoH, o]F 15 °C/ming £EZ 539

& Table 118 A4 02 Ho|AEE AR A
15 H3sted 90 °CollA A3t ¥, g3t 2 vk
al

A} =S =459t Reaction formingol] o} 3|

22A Hol AHE3 RBSC(ZE 288 g/cm’, free Si 16.5 wt% HH)AlHe
HHL B 2kt A A 2 HIA AL Ysta] #220 grit SiC paperE A}
23t} 12} dnt £, 30, 6 ume] YEE zZtE= diamond suspensiong- AR8-3lo] &=
AHoz AWl HES AT Ansid. Aol AN AHe opHELA] T2
T 2ETAHE 1 sted 102 &< AH F dzxstch Table 129] 2402

e
st 2dA-2Z24 JF F s on, A=

= =2
AX 54 L35xW4xH3 mm 9] AHL 025 um 7}#|] thololR= o]
Auigt &, w5AlE 2 =AE 7l(Instron 4467, USA)E o] &3}

tr

inner span 10 mm, outer span 30 mm, cross-head speed 0.5 mm/min X2

oA 43 F37% (four-point flexural strength) & &3} %o}
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Table 11. A FA|- 4 @A, T3pA-&3tA & pasted] 24

Aver.
. . . . ] Composition
Raw Materials Grade Particle Size Supplier b (wt%)
Wt/
(m)
Carbon Black N762 ~0.12 Lucarb, Korea 2g 154
. H.C.Starck,
SiC UF-05 1 1g 7.7
Germany
. , Kolon chemical
Phenolic resin KNG 100 4g 30.8
Co. Ltd, Korea
1-Butanol GR 99% Junsei, Japan 5¢ 38.5
Table 12. &2 A-42Z2 A HEE pasted] 24
Aver. -
. . . . ) Composition
Raw Materials Grade [Particle Size Supplier v (witth)
Wt/
(1em)
Silicon Silgrain® ~3 Elkem, Germany 5.53¢g 35.2
Carbon Black  N762 ~0.12 Lucarb, Korea 0.86g 55
. H.C Starck,
SiC UF-05 1 1g 6.4
Germany
. . Kolon chemical
Phenolic resin KNG 100 2.32¢g 14.8
Co. Ltd, Korea
1-Butanol GR 99% Junsei, Japan 5¢g 31.8
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As FA4sg o, oM z242 Murakami solutiond ©]83}4] chemical etching

Kl
¢ &, AN 2L SEMS ol 8-ste] wFagoh

3. 4% 2 ug

2 FRAS Az ste BoE Az HYA, €A 2 S
4e 27she} Table 130] YehiQeh 53] 244 2 BaAe de FY FE7}
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AM=d ol THEEY Aol

S REFe 2ud FAERAZ F4E 0
4 g2z T4, gAY FAEFAE TololrE FTE 7FE

ol A7 WiFE o7 Toh=

Ky

Table 13. 4 A, &34, &2 d= g 7AH A= 425

Density  Relative density = Strength

Sample Condition 3 0
(g/cm’) (%) (MPa)
A3 A 70°C 30min 2.019 78.9 -
debinding % 250C 4h 1.968 72.8 30+4
gF35}A) 1200°C 1h 1.922 66.2 4242
A2 A 1550°C 30min 2.881 95.3 293+41
aZ2A Y mAEAE Fig. 640] WGERHAT S8um E lum 719 ©@3pta A}
e a2A BEST ' AL &5 of 23k F=ro] ATl 3

=
BAES A8A, g3 224 7
Q
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NEF2E A8 FAE pastert FPARORYH FASeE 24 Yy 17
TRF AT FYAWY BGHo| 24HYY) HELR BUHAUT o]
AL pastes] YEE FoIAY A pasted] AAXEES AAHo2 F7hAA
Sgste Aol MEAT Aoz BoaTh

Fig. 64. Microstructures of reaction bonded silicon carbide showing 8 and 1 m

SiC (white grey) and residual Si phase (dark grey).

Table 14. Flexural strengths of the sample joined at green state, carbonized state,

and reaction bonded state.

A
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(MPa)
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e & 12349

aAA-aZAH AY H3HE & 293+41
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Fig. 69. Bird’s eye view of (a) the samples sintered with freeform contact

feeding, and (b) surface state right after freeform removal.
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Fig. 70. Microstructures of the preform (a) before, and (b) after reaction sintering.
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Fig. 73.

after the reaction sintering process.
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(c) joined part (d) wafer insert

Fig. 74. Procedures and bird’s eye view of the miniature prototype fabrication

via green state joining.
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(b) reaction sintering

(c) joined part (d) wafer insert
Fig. 75. Procedures and bird's eye view of the miniature prototype fabrication

via carbonized state joining.
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(a) carbonized state joining (b) reaction sintering

(c) joined part

Fig. 76. Procedures and bird’s eye view of the miniature prototype fabrication

via sintered body joining.
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Fig. 77. Two kinds of preform contact with green body
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(c) reaction sintered: bottom (d) reaction sintered: top

Fig. 78. Procedures of the near-net shaped wafer carrier prototype fabrication.
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Fig. 79. Near-net shaped wafer carrier prototype.
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(b) part assembly

(c) carbonized part (d) joining

(f) reaction sintering

Fig. 80. Procedures of the machineless near-net shaped wafer carrier prototype

fabrication .
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Fig. 81. Machineless near-net shaped wafer carrier prototype.
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